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Abstract: Self-vibrating systems based on active materials have been widely developed, but most of
the existing self-oscillating systems are complex and difficult to control. To fulfill the requirements
of different functions and applications, it is necessary to construct more self-vibrating systems that
are easy to control, simple in material preparation and fast in response. This paper proposes a
liquid crystal elastomer (LCE) string—mass structure capable of continuous vibration under steady
illumination. Based on the linear elastic model and the dynamic LCE model, the dynamic governing
equations of the LCE string-mass system are established. Through numerical calculation, two regimes
of the LCE string—mass system, namely the static regime and the self-vibration regime, are obtained.
In addition, the light intensity, contraction coefficient and elastic coefficient of the LCE can increase
the amplitude and frequency of the self-vibration, while the damping coefficient suppresses the
self-oscillation. The LCE string—mass system proposed in this paper has the advantages of simple
structure, easy control and customizable size, which has a wide application prospect in the fields of
energy harvesting, autonomous robots, bionic instruments and medical equipment.

Keywords: self-vibration; liquid crystal elastomer; light-driven; string

1. Introduction

Self-vibration exists widely in nature and engineering [1-7]. It is a non-attenuating vi-
bration in which the process of vibration is accompanied by some periodically varying force
by which the vibrating system can be replenished with energy to maintain the vibration.
A self-vibration system usually includes vibration elements, steady energy sources and
feedback mechanisms. Unlike forced vibration [8], self-vibration can independently obtain
energy from the external steady environment to maintain its continuous vibration without
additional periodic excitation. As a representative of nonlinear systems, self-vibration deep-
ens the understanding of nonequilibrium dynamical processes [9,10], and also has guiding
significance for constructing synchronous systems [11-13] and chaotic systems [14-16].
Self-vibration has autonomy, which is helpful to the design of autonomous components
such as autonomous robots [17] and actuators [18,19]. Furthermore, self-vibration has
significant application value in energy harvesting [20,21], soft robots [22,23], sensors [24],
medical equipment [25,26] and other fields.

In recent years, many efforts have been made to construct self-vibration systems,
among which a self-vibration system based on active materials has attracted extensive re-
search interest. Active materials are kinds of material that can change their shapes or motion
states when they are stimulated by external stimuli such as light [27,28], heat [29,30], elec-
tricity [31], magnetism [32,33] and so on. Common active materials include hydrogels [34],
ionic gels [35,36], photoresponsive or thermal responsive polymers [37-43], dielectric elas-
tomers [44], shape memory polymers [45] etc. Based on the response of active materials
to external steady stimuli, people have built a variety of self-vibration modes, such as
bending [46,47], swinging [48], rolling [49,50], twisting [51], vibrating [52], floating [53],
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buckling [54,55], jumping [56], stretching [57], shuttling [58], spinning [59] and curling [60].
In addition, some ingenious feedback mechanisms have been carefully designed, such as
the self-shading mechanism [61], coupling mechanism of large deformation and chemical
reaction [36], coupling mechanism of liquid volatilization and deformation [62] and pho-
tothermal surface tension gradient [63,64] to break the balance of the system, which leads to
a stable and sustained response of the active material and further generates self-vibration.

Among these active materials that can be used to construct self-vibration systems,
liquid crystal elastomers (LCEs) are widely considered because of their unique advantages.
LCE is a unique material that is a liquid crystal polymer with a network structure formed
after moderate cross-linking mesogens [65]. Its unique properties combine the characteris-
tics of liquid crystals and elastomers, and it is capable of demonstrating an amazing ability
to change shape. LCE presents a host of advantages, including substantial and reversible
deformability [66,67], rapid deformation and straightforward controllability, which have
garnered significant attention among researchers. Due to the rotation or phase transitions
of liquid crystal monomer, liquid crystal elastomers can show reversible morphological
changes when subjected to external stimuli, such as light [27,28], heat [29,30], electric-
ity [31], magnetism [32,33] etc., displaying a variety of shapes and structures. Among these
external stimuli, light stands out due to its fast response, environmental friendliness, easy
accessibility, noiselessness [15,68,69] and precise control [70]. Considering the advantages
of light, a rich variety of self-vibration systems based on light-driven LCE have been de-
veloped, such as bending [46,47], buckling [54,55], jumping [56], swimming [48] and other
self-vibration systems. These self-vibration systems based on light-driven LCE have broad
application prospects in bionic instruments [71], energy harvesting [20,21], actuators [19],
soft robots [22,23] and other fields.

Although self-vibrating systems based on LCE have been widely developed, the
design and construction of LCE self-vibration systems still have great limitations, such as
complex structure, difficulty to control and difficulty to prepare. Therefore, it is necessary to
construct more LCE self-vibration structures with simple structures and that are controllable
and convenient. The tension string system has been widely studied as a classical self-
vibration system. In this paper, we creatively propose a new self-vibrating system that is
different from the previous self-vibration systems, which consists of two LCE strings and a
mass block, and which can obtain sustained and stable vibration under steady illumination.
Compared with existing self-oscillating systems [52,53], the system proposed by us has a
simpler structure and is easier to implement. Our goal is to construct novel self-oscillating
systems based on active materials that are simple in structure, easy to control, customizable
in size and easy to prepare. Also, the effect of system parameters on self-oscillation is
discussed to provide guidance for regulating this system. Depending on its excellent
properties, the self-oscillating LCE string—mass system has significant application value in
autonomous actuators, energy collectors, bionic instruments and other fields.

The paper is as follows. Firstly, in Section 2, based on the LCE dynamic model, a
theoretical model of the LCE string system is established and the corresponding governing
equations are derived. Then, in Section 3, two motion regimes of the LCE string system
are described and the mechanism of self-vibration is explained in detail. In Section 4, the
effects of system parameters on the amplitude and frequency of self-vibration are further
discussed quantitatively. Finally, in Section 5, the results of this paper are summarized.

2. Theoretical Model and Formulation

In this section, firstly, a novelty light-driven self-vibration system consisting of two
LCE strings and a mass block is described. Secondly, we derive the governing equations of
the self-vibration system based on the dynamic LCE model, vibration theory and Newton’s
second law. Finally, the governing equation is dimensionless and the numerical calculation
method is introduced.
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2.1. Dynamics of Self-Vibration of LCE Strings

Figure 1 shows the physical model of the system of light-driven LCE self-vibration.
The system, which can vibrate continuously and steadily under a given initial speed and
designed illumination condition, consists of two LCE strings and a mass block, as shown in
Figure 1a. One end of each LCE string is fixed to a horizontal rigid base, and the other end
is attached to the mass block with a mass of m. The original length of each LCE string in
the unstressed state is L. Considering that the gravity mg on the mass block is much less
than the elastic force on it, the gravity is ignored. We take the initial position of the mass
block as the origin of the coordinate system, with the horizontal direction as the x-axis and
the vertical direction as the y-axis, as shown in Figure 1la. Since the two LCE strings are
exactly the same, the tension of the two LCE strings is exactly the same, and the tension
generated by the two strings in the vertical direction cancels each other, so the mass block
only vibrates in the horizontal direction, and its displacement is x.

(a) Reference state (b) Initial state (c) Current state (d) Force analysis
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Figure 1. Diagram of self-vibration system of LCE strings: (a) Reference state; (b) Initial state;
(c) Current state; (d) Force analysis. The mass block is subjected to the tension F, of the LCE strings
and the air damping force Fp. The LCE string—mass system can vibrate continuously and periodically
under steady illumination.

As shown in Figure 1b,c, the yellow area represents the illumination zone and the
gray thomboid area represents the shading (non-illumination zone); the distance from the
right end of the shading zone to the origin is §. Due to the action of the initial velocity, the
mass block continues to move to the right until it reaches the illuminated zone. UV light
radiation can change the photochromic liquid crystal molecules in the material from straight
trans configuration to bent cis configuration [65]. Thus, under continuous illumination,
the chromophores (azobenzene) in the LCE fibers absorb light energy, followed by a
continuous cycle of cis-trans isomerization. This process results in the transformation of
the chromophores from the trans state to the cis state, thereby inducing the contraction of
the LCE fibers. With the contraction and stretching of the LCE strings in the illuminated
zone, the elastic potential energy of the system reaches its peak when the mass block
reaches the maximum distance. The next moment, under the action of the tension of
the LCE strings, the mass block moves in the opposite direction. When moving into the
non-illumination zone, the light-driven contraction of the LCE strings resumes, at which
point the tension of the LCE strings decreases until it reaches the illuminated zone on the
other side, accumulating elastic potential energy, and then repeating the process. The LCE
string—mass system can maintain continuous and stable self-vibration through the choice
of proper system parameters and initial conditions.

The mass block is subjected to the tension of the LCE strings and the air damping
force, as shown in Figure 1d. In the horizontal direction, the governing equation of mass
block can be described as:

mx(t) = —2F sgn(x)sin@ — Fp, 1)
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where X represents the acceleration of the mass block, F; indicates the tension of the LCE
strings, 8 is the angle between the LCE strings and the y-axis, the sign function sgn(x) is a
function that returns the sign of a real number x, and Fp denotes the air damping force.

It can be obtained by geometric relations that sin 6 = Ler =. where L is the original
X

length of each LCE string in the unstressed state and x indicates the horizontal displacement
of mass block.
The tension of the LCE strings is proportional to its elongation, with the formula being:

R = K(\/L3+x(t)* = Lo — Lex(1)), @)

where K denotes the elastic coefficient of the LCE and ¢ refers to the light-driven contraction
strain of the LCE strings.

The damping force is assumed to be linearly proportional to the velocity of the mass
block and can be expressed as:

Fo = px(t), ®)

where 8 represents the air damping coefficient and x denotes the velocity of the mass block.
Substituting Equations (2) and (3) into Equation (1), we can obtain:

mi(t) = —2K(y/ L2 + x(t)* — Lo — Loer(t)) - sinf — Bx(t). (4)

2.2. Dynamic LCE Model

This section mainly deduces the strain equation of the LCE strings under illumination and
non-illumination conditions. A linear model is adopted to describe the relationship between
the cis number fraction ¢(¢) in LCE and the light-driven contraction of the LCE, namely:

e = —Co(t), ®)

where C indicates the contraction coefficient of the LCE.

The light-driven contraction strain of the LCE strings depends on the cis number
fraction ¢(t) in the LCE. UV light radiation can change the photochromic liquid crystal
molecules (azobenzene) in the material from straight trans configuration to bent cis config-
uration, which is often accompanied with the contraction of a monodomain LCE along the
mesogen aligning direction [65]. For simplicity, the LC cis—trans switching is assumed to be
strain-independent. Furthermore, according to Nagele et al. [72], the cis number fraction
depends on the thermal excitation from trans to cis, the thermal drive relaxation from cis to
trans and the light-driven trans to cis isomerization. Assuming that the thermal excitation
from trans to cis can be ignored, the governing equation for the evolution of the number
fraction can be expressed as:

0
S =mli-g) - £, ©

where 7y represents the light absorption constant, Ty represents the thermally driven
relaxation time from the cis to trans and I indicates the light intensity.
By solving Equation (6), we can get:

noTol

HoTol
t J—
(P( ) noTol +1

" Tl +1 +(go -

t
) exp {T(U0T01+1)]r @)
0
where ¢y denotes the initial cis number fraction in non-illumination zone.
In the illumination zone, the initial number fraction ¢y = 0, so Equation (7) can be
simplified as:

Tol
(1) = 170’?}2]&1{1 —exp[—;o(HWOTOI)} } ®)
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In the non-illumination zone, by setting the light intensity I = 0, we can obtain:

#() = 9o exp(;o)- ©)

In this case, ¢y can be chosen as the maximum value of ¢y in Equation (8) under
continuous illumination. Then we can obtain:

_ _oTol _t
o) = oTol +1 exp( To>' 10)

2.3. Nondimensionalization

For ease of calculation, we define the following dimensionless quantities: x = x/Ly,
x =xTy/Lo, X = xT3 /Lo, t =t/Ty, 6 = 6/Lo, I = ITono, p = BTo/m and K = KT3 /m. So,
the dimensionless form of governing equation can be written as:

X =

X(t) = —2K(\/14%(t)* — 1 —¢g(t)) — Bx(t). (11)
1+%(t)?
In the illuminated state, Equation (8) can be rewritten as:
o(t) =1—exp[—H(I+1)]. (12)
In the non-illumination zone, we can obtain:
§(t) = exp(~D). (13)

Obviously, Equation (11) is a second-order nonlinear differential equation, and it
is difficult to find the analytical solution of this kind of equation. Therefore, we use
Matlab software (version R2018b) and the four-order Runge-Kutta method for numerical
calculation. By adjusting the parameters within the program, for example I, C, K, 7y, g and
8, we can obtain the displacement, velocity, elastic force, damping force and light-driven
contraction strain of the self-vibration of the LCE string—mass system at each moment.

3. Two Motion Regimes and Mechanism of Self-Vibration

In this section, firstly, two typical motion regimes of the LCE string-mass system are
described, namely the static regime and the self-vibration regime. Secondly, the correspond-
ing mechanism of the self-vibration is elaborated in detail.

3.1. Two Motion Regimes

To study the self-vibration of the LCE string-mass system, it is necessary to calculate
the typical values of the dimensionless system parameters. According to the existing
experimental [72-75] and research results, the actual values of each system parameter are
summarized in Table 1, and the corresponding dimensionless system parameters are listed
in Table 2.

Table 1. Material properties and geometric parameters.

Parameter Definition Value Unit
I light intensity 0~100 kW /m?2
C contraction coefficient 0~0.5 /
K elastic coefficient 1~50 N/m
Ty thermally driven relaxation time 0.01~0.5 s

1o light absorption constant 0.00022 m?/s-W
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Table 1. Cont.

Parameter Definition Value Unit
m mass 0~2 kg
B damping coefficient 0~0.5 kg/s
() initial velocity 0~0.4 m/s
1 width of shade 0~0.1 m
Lo original length of LCE 0.01~0.2 m

Table 2. Dimensionless parameters.
Parameter 1 C K To B 5
Value 0~1 0~0.5 0~10 0~1 0~0.2 0~0.5

Through the numerical solution of Equation (11), the time history curve vibration
and phase trajectory diagram of the LCE string—mass system can be obtained, as shown
in Figure 2. In this case, the other system parameters in the numerical calculation are set
asC =025 K=2,75 =02, B=01and é = 0.2. As can be seen from Figure 2, the
system of the LCE strings has two different regimes, namely the static regime and the
self-vibration regime. Figure 2a,b depict the static regime, where the vibration of the system
finally stops and the corresponding phase trajectory diagram terminates at a point. In
contrast, Figure 2c,d plot the self-vibration regime, in which the vibration of the system
tends to stabilize after a period of time and maintains a fixed amplitude and period, and
a limit cycle representing a single periodic motion appears in the corresponding phase
trajectory diagram. The reason for the self-vibration phenomenon is that the system obtains
enough light energy to compensate for the damping dissipation, so as to maintain its
self-sustained vibration. The emergence of the phenomenon of self-vibration proves the
rationality and feasibility of our constructed system. In the next section, we will elaborate
on the mechanism of the self-vibration phenomenon.

(@) 04 () 04
0.2 0.2
&0 =0
0.2 0.2
Static Self-vibration
-0.4 -0.4
0 200 400 600 800 1000 0 200 400 600 800 1000
t t
(b) 03 (d) 03
0.15 0.15+}
B 0 ES 0
-0.15¢ -0.15¢
Static i Self-vibration
04 -024 -008 0.08 024 04 04 -024 -008 0.08 024 04
T T

Figure 2. Two typical regimes: static regime and self-vibration regime. (a) Time history curve of the
displacement with I = 0.2; (b) Phase trajectory diagram with I = 0.2; (c) Time history curve of the
displacement with I = 0.5; (d) The limit cycle in phase diagram with I = 0.5. Two kinds of system
regimes can be obtained with different light intensities, namely static regime and self-vibration regime.
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3.2. Mechanism of Self-Vibration

This section aims to explain the mechanism of self-vibration, that is, the energy com-
pensation mechanism of the LCE string—mass system. To better understand the energy
compensation mechanism, it is necessary to plot the change curves of some key physical
quantities in the process of self-vibration, as shown in Figure 3. In this case, the dimension-
less parameters of the system are selected as [ = 0.5, C = 0.25, K = 2,7 = 0.2, = 0.1 and
& = 0.2. Figure 3a shows the curve of the mass block horizontal displacement over time,
where the yellow area indicates the LCE strings are illuminated. It can be easily found that
the LCE string—mass system at this time maintains a stable amplitude and period, and the
mass block shuttles in the illumination zone on both sides. Figure 3b plots that when the
displacement of the mass block is greater than the width of shade 6, the LCE strings are in
the illumination zone, and the number fraction in the LCE gradually increases and tends
to a limit value. When the displacement of the mass block is less than the width of shade
¢, the LCE strings are in the non-illumination zone, and the number fraction in the LCE
rapidly decreases to zero. As the mass block regularly enters and exits the illumination
zone, the number fraction in the LCE strings also changes periodically. In addition, Figure 4
illustrates several characteristic snapshots for the self-vibration of the LCE string-mass
system during one cycle under steady illumination.

(@) 04 . : . (b) 0.4
02\ f\ \ \ \ 0.3
B0 s 502}
IS
£
02} J / / / = 0.1}
=
-0.4 =
950 960 970 980 990 1000 950 960 970 980 990 1000
7 7
(c) 0.08 . (d) o.08
|
0.04} 0.04
& of [ K / \ [ S
-0.04} b \/ \/ \/ -0.04
-0.08 -0.08
950 960 970 980 990 1000 04 -024 -008 008 024 04
i T
(e) 0.02 (f) 002
0.01 & \ E \ 0.01
S S
-0.01 \ / / ¥ / / -0.01
Dissipation
-0.02 . -0.02
950 960 970 980 990 1000 04 -024 008 008 024 04
t z

Figure 3. The mechanism of self-vibration of the LCE string-mass system. (a) Time history curve
of the displacement. (b) Time history curve of the number fraction. (c) Variation of the tension
of LCE strings with time. (d) Dependence of the tension of LCE strings on the displacement.
(e) Variation of the damping force with time. (f) Dependence of the damping force on the displace-
ment. The work done by the elastic force can compensate the damping dissipation, so the system can
maintain stable vibration.
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Figure 4. Snapshots of the LCE string-mass system in one cycle during the self-vibration. Under
steady illumination, the system exhibits a continuous periodic self-vibration.

In order to understand the energy source and consumption of the LCE string—mass
system, we plot the elastic force and damping force of the LCE with time and with dis-
placement, as shown in Figure 3c—f. Figure 3c shows the variation of tension of the LCE
strings over time. With the periodic vibration of the LCE string-mass system, the variation
of tension of the LCE strings is also periodic. When the LCE strings enter the illumination
zone, the tension of the LCE strings increases due to the light-driven contraction of the LCE
strings. When the LCE strings leave the illumination zone, the light-driven contraction
of the LCE strings recovers and the tension of the LCE strings decreases, as shown in
Figure 3c. Figure 3d shows the hysteresis loop of the tension of the LCE string, the area
of which represents the net work done by the tension of the LCE strings in one cycle of
vibration, which is numerically calculated to be 0.018. Similarly to the tension of the LCE
strings, Figure 3e plots the periodic change of damping force with time. Figure 3e shows the
relationship between the damping force and displacement, and the hysteresis loop enclosed
represents the work done by the damping force in one cycle of vibration, that is, the system
damping dissipation. Through calculation, the area of the hysteresis loop in Figure 3f
is also 0.018, which means that the energy lost by air damping during the self-vibration
is compensated for by the work done by the tension of the LCE strings. Therefore, the
self-vibration of the LCE string-mass system can be sustained.

4. Parametric Study

In this section, we quantitatively investigate the effects of system parameters such as
light intensity, contraction coefficient, elastic coefficient, initial velocity, damping coefficient
and width of shade on the amplitude A and frequency F of the self-vibration of the LCE
string-mass system.

4.1. Effect of the Light Intensity

The light intensity influencing the self-vibration of the LCE string-mass system is
investigated in this section. In this case, the values of the other parameters are C = 0.25,
K =2,75 =02, B =0.1and § = 0.2. Figure 5a plots the limit cycles of self-vibration
forI = 04,1 = 0.5and I = 0.6. The horizontal width of the limit cycle represents the
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amplitude of the self-vibration, and the vertical height of the limit cycle indicates the
velocity of the self-vibration. It can be seen from Figure 5a that the limit cycle is the largest
for I = 0.6, which indicates that the amplitude and kinetic energy of the self-vibration
are largest in this case. Figure 5b shows the effect of the light intensity on amplitude and
frequency. When the light intensity is below 0.396, the LCE strings cannot absorb enough
light energy to offset the damping dissipation, and therefore cannot maintain continuous
motion, thus entering a static state. When the light intensity is higher than 0.396, the LCE
strings are able to absorb enough light energy to offset the damping dissipation and thus
maintain a continuous stable vibration, i.e., the self-vibration regime. In the regime of
self-vibration, the amplitude and frequency increase with the increase in light intensity.
This is because the higher the light intensity, the greater the contraction and the greater the
tension of the string. The greater tension is able to do more work on the system, producing
more kinetic energy and thus a greater amplitude. The above results show that increasing
the light intensity can make the light-driven system absorb more energy to achieve a larger
amplitude, which is consistent with the current findings [3].

(@) 02 - (b) 0
1 =04
0.1 0.6
o - 04
0.2
-0.1 1
r<0.6 [0.5 of—Static_, 0
_0.2 i i " A
0.4 -024 -008 008 024 04 0 02 04 06 08 1
T I

Figure 5. The effect of light intensity on the self-vibration. (a) Limit cycles with I = 0.4, I = 0.5 and
I = 0.6. (b) Variations of amplitude and frequency with different light intensities. The larger the light
intensity, the larger the amplitude and frequency of self-vibration.

4.2. Effect of the Contraction Coefficient of LCE

This section presents a discussion on the effect of the contraction coefficient on the
self-vibration of the LCE strings. Here, the values of the other parameters are I1=05K=2,
7o = 0.2, = 0.1and § = 0.2. Figure 6a plots the limit cycles of the self-vibration of the LCE
string—mass system with different contraction coefficients. It can be observed from Figure 6a
that the limit cycle with a larger contraction coefficient completely wraps the limit cycle
with a smaller contraction coefficient, indicating that the larger the contraction coefficient,
the larger the energy of the LCE string-mass system, and thus the larger the amplitude
and kinetic energy. It can be seen from Figure 6b that the amplitude and frequency of the
self-vibration change with the change of the contraction coefficient. When the contraction
coefficient is less than 0.212, the system is in the static regime. On the contrary, when
the contraction coefficient is greater than 0.212, the system is in the self-vibration regime.
With the increase in the contraction coefficient, the amplitude and frequency also increase.
The reason for this phenomenon is similar to the reason for the effect of light intensity on
self-vibration: when the contraction coefficient is small, the LCE strings absorb insufficient
light energy when they are in the illumination zone, and cannot obtain enough energy to
compensate for the damping dissipation, so that the system eventually moves to the static
regime. When the contraction coefficient is large, the LCE strings absorb enough energy in
the illumination zone and have enough energy to compensate for the damping dissipation
of the system, so as to maintain the self-vibration. As the contraction coefficient continues
to increase, the light energy absorbed by the LCE strings further increases, and so does
the amplitude.
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(@) 04 - (b)os - : — 0.16
C=0.25
0.2 ] 061 0.12
T ‘ | <04 | 0.08 -,
02} : 0.04
-0.2 Y ; Static |
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C=045 C=0.35 0op— 0
-0.4 - : - :
04 -024 -0.08 0.08 024 0.4 0 0.1 0.2 0.3 0.4 0.5
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Figure 6. The effect of contraction coefficient on the self-vibration. (a) Limit cycles with C = 0.25,
C =0.35and C = 0.45. (b) Variations of amplitude and frequency with different contraction coeffi-
cients. The larger contraction coefficient, the larger the amplitude and frequency of self-vibration.

4.3. Effect of the Elastic Coefficient of LCE

This section provides the influence of the elastic coefficient of the LCE strings on the
self-vibration for I = 0.5, C = 0.25, 5y = 0.2, B = 0.1 and 6 = 0.2. Figure 7a shows the
limit cycle for different elastic coefficients of the LCE strings. When the elastic coefficient is
less than 1.627, the phase trajectory diagram of the self-vibration is a fixed point, which
indicates that the system is in the static regime. This is because when the elastic coefficient
is small, the tension generated by the LCE strings in the illumination zone is small, which
cannot provide enough elastic potential energy to compensate for the damping dissipation
of the system, so the system finally reaches a static state. It can be seen from Figure 7b
that the elastic coefficient has a significant influence on the amplitude and frequency of the
self-vibration. With the increase in the elastic coefficient, the amplitude and frequency of
the self-vibration increase. This is because as the elastic coefficient increases, the elastic force
generated by the LCE strings increases, the elastic potential energy that the system is able
to convert into kinetic energy increases, and therefore the amplitude of the self-vibration
increases. Therefore, in the design of a tension system based on LCEs, it is key to select the
appropriate elastic coefficient to obtain better performance.

a) 0.4 — b) 0.8
@ ——
0.2+t 0.6
&0 < 047
0.2 | 0.05
0.2} 7 |
— > Static
KZ4 K=3 o =" 0
_0.4 . " " i
04 -024 -008 008 024 04 0 1 2 3 4 5
T K

Figure 7. The effect of elastic coefficient on the self-vibration. (a) Limit cycles with K = 2, K = 3 and

K = 4 (b) Variations of amplitude and frequency with different elastic coefficients. The larger the
elastic coefficient, the larger the amplitude and frequency of self-vibration.

4.4. Effect of the Initial Velocity

This section mainly focuses on the effect of initial velocity on the self-vibration of the
LCE string-mass system, with parameters I = 0.5, C = 0.25,K =2, 3 = 0.1and 6 = 0.2.
It can be observed from Figure 8a that the self-vibration can be successfully triggered at
79 = 0.1, 99 = 0.2 and 7p = 0.3. It is worth mentioning that the limit cycles at different
velocities coincide completely. Figure 8b plots the relationship between the initial velocity
and the amplitude and frequency of the self-vibration. It can be seen from Figure 8b that
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when the initial velocity is less than 0.066, the system is in the static regime, because the
low initial velocity cannot allow the LCE strings to reach the illumination zone to absorb
enough light energy, and it finally reaches the static regime. When the initial velocity is
greater than 0.066, the system is in the self-vibration regime and the final amplitude and
frequency are not affected. This is because the amplitude of the self-vibration depends
on the energy conversion between the work done by the LCE strings and the damping
dissipation, which belongs to the internal characteristics of the system, and the initial
velocity does not affect the energy conversion of the system, so the amplitude does not
change. Compared with other parameters, the initial velocity is more like a switch that
triggers the self-vibration, which is responsible only for activating the system and does not
affect the inherent characteristics of the system such as amplitude and frequency, which is
in agreement with the results of existing studies [59].

(@) 02 (b) o8 0.12
F
o1l 0.6F | : 0.09
: A Self-vibration
|
o V,=0.1,0.2,03 0.2 : 10.03
0 —'Static {o
0.2 " . " L
04 -024 -0.08 008 024 04 0 01 02 03 04 05
T o}

Figure 8. The effect of initial velocity on the self-vibration. (a) Limit cycles with 7y = 0.1, 59 = 0.2
and 9y = 0.3. (b) Variations of amplitude and frequency with different initial velocities. The initial
velocity has no effect on the amplitude and frequency of self-vibration.

4.5. Effect of the Damping Coefficient

This section mainly studies the damping coefficient on the self-vibration of the LCE
string-mass system. In the calculation, we set I1=050C=025K=2,7 =02and
§ = 0.2. The damping coefficient has a significant effect on the regime and amplitude of the
system, as shown in Figure 9. Figure 9a draws the limit cycles for 8 = 0.06, B = 0.08 and
B = 0.1. It can be seen from Figure 9a that the smaller the damping coefficient is, the larger
the limit cycle is. It can be seen from Figure 9b that there is a critical value between the
static regime and the self-vibration regime. The system is in the static regime for > 0.113,
while the system is in the self-vibration regime for B < 0.113. In addition, it can be seen
from Figure 9b that the smaller the damping coefficient is, the larger the amplitude and
frequency of the self-vibration are. This can be explained in terms of energy compensation.
The greater the damping coefficient, the greater the damping force of the system, which
hinders the movement of the system and makes the LCE strings unable to reach the
illuminated zone to absorb light energy. The energy of the system decreases continuously
due to damping dissipation, so the system eventually reaches a static state. On the contrary,
the smaller the damping coefficient, the smaller the damping dissipation of the system and
the larger the converted kinetic energy, and thus the amplitude increases. Therefore, how
to reduce the damping dissipation of the system through reasonable structural design is an
important challenge.
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Figure 9. The effect of the damping coefficient on the self-vibration. (a) Limit cycles with g = 0.06,
B =0.08 and B = 0.1. (b) Variations of amplitude and frequency with different damping coefficients.
The larger the damping coefficient, the larger the amplitude and frequency of self-vibration.

4.6. Effect of the Width of Shade

The effect of the width of shade on the self-vibration is discussed in the current section.
In this case, the other dimensionless parameters are selected as I = 0.5, C = 0.25, K = 2,
79 = 0.2 and B = 0.1. It is not difficult to find that the width of shade affects the motion
regime of the system. Figure 10a plots the limit cycle with different widths of shade. It
can be seen from Figure 10b that there is a critical value between the static regime and the
self-vibration regime. When the width of shade is greater than 0.272, the system cannot
reach the illumination zone to absorb light energy, the initial kinetic energy is constantly
consumed and finally the system reaches the static state. When the shadow width is less
than 0.272, the system can reach the illumination to absorb light energy to compensate
for the damping dissipation, so it can continue stable vibration, namely, the self-vibration
regime. Figure 10b shows that, in the self-vibration regime, the amplitude of the system
increases with the increase in the width of shade. This is because when the width of shade
is small, the LCE strings soon enter the illumination zone, the elastic force of the LCE
strings rapidly increases and inhibits the further displacement of the mass block, and thus
the amplitude of the self-vibration is small. On the other hand, when the width of shade is
large, there is larger displacement before the LCE strings enter the illumination zone, so
that the whole amplitude of the self-vibration is larger.

(@) 02 — (b) 0.2 - - : - 0.12
6 =0.15
01} 0.6f 0.09
|
W < 04] | 1006
|
0.2 I 10.03
-0.1 :
5=0.25 5=02 0 Static— o
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Figure 10. The effect of the width of shade on the self-vibration. (a) Limit cycles with § = 0.15,
6 =0.2and § = 0.25. (b) Variations of amplitude and frequency with different widths of shade. The
larger the width of shade, the larger the amplitude of self-vibration.

5. Conclusions

The self-vibration system can directly absorb energy from the steady external envi-
ronment to maintain its continuous motion without external periodic stimuli, which has
great application prospects in the fields of autonomous robotics, energy harvesting and
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bionic devices. Traditional self-vibration systems have the defects of complex structure,
difficult manufacturing and poor controllability, so there is a great necessity to construct
new self-vibration systems. In this paper, we construct a new self-vibration system, which
consists of two LCE strings and a mass block, and it can achieve continuous and stable
vibration under steady illumination. Based on the dynamic LCE model and linear elastic
model, the theoretical model of self-vibration of the LCE string—mass system is established
and the corresponding governing equations are derived. Based on the results of numerical
simulations, two motion regimes of the LCE string—mass system, namely the static regime
and self-vibration regime, are described, and the energy compensation mechanism of the
self-vibration is revealed. In addition, the effects of the system parameters on the amplitude
and frequency of the self-vibration are quantitatively discussed. The results show that
the amplitude and frequency of the system increase with the increase in light intensity,
contraction coefficient and elastic coefficient. By adjusting these coefficients, it is expected
that faster, more powerful active machines can be realized. The damping coefficient inhibits
the amplitude and frequency of the self-vibration, while the initial velocity does not affect
the amplitude and frequency of the self-vibration regimes. Meanwhile, the values of the
parameters can also determine the motion modes of the system, and there are critical values
between the self-vibrating and static modes. In addition, future goals are to increase the
credibility of our findings through experiments, as well as to build more active machines
based on active materials and to realize their applications in fields such as energy harvest-
ing, artificial muscles and autonomous robotics. The research in this paper deepens the
understanding of self-vibration systems and helps to design new self-vibration systems.
Meanwhile, the LCE string—mass system proposed in this paper has the advantages of
simple structure, easy control and customizable size, and has the prospect of application in
the field of autonomous robots and bionic instruments.

Author Contributions: Conceptualization, K.L.; methodology, H.-W.; software, H.W.; validation, Y.D.;
investigation, H.W.; data curation, H.W.; writing—original draft preparation, H.-W.; writing—review
and editing, Y.D. and K.L.; supervision, K.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by University Natural Science Research Project of Anhui Province
(Grant No. 2022AH020029), National Natural Science Foundation of China (Grant No. 12172001),
and Anhui Provincial Natural Science Foundation (Grant Nos. 2008085QA23 and 2208085Y01).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, X,; Tan, C.E; Chan, K.H.; Lu, X,; Zhu, L.; Kim, S.; Ho, G.W. In-built thermo-mechanical cooperative feedback mecha-nism
for self-propelled multimodal locomotion and electricity generation. Nat. Commun. 2018, 9, 3438. [CrossRef]

2. Ge, F; Yang, R; Tong, X.; Camerel, F; Zhao, Y. A multifunctional dyedoped liquid crystal polymer actuator: Light-guided
transportation, turning in locomotion, and autonomous motion. Angew. Chem. Int. Ed. 2018, 57, 11758-11763. [CrossRef]
[PubMed]

3.  Zeng, H,; Lahikainen, M,; Liu, L.; Ahmed, Z.; Wani, O.M.; Wang, M.; Yang, H.; Priimagi, A. Light-fuelled freestyle self-oscillators.
Nat. Commun. 2019, 10, 1-9. [CrossRef]

4. Li, M.-H.; Keller, P; Li, B.; Wang, X.; Brunet, M. Light-Driven Side-On Nematic Elastomer Actuators. Adv. Mater. 2003, 15, 569-572.
[CrossRef]

5. Nocentini, S.; Parmeggiani, C.; Martella, D.; Wiersma, D.S. Optically Driven Soft Micro Robotics. Adv. Opt. Mater. 2018, 6, 1800207.
[CrossRef]

6. Preston, D.J.; Jiang, H.]J.; Sanchez, V.; Rothemund, P.; Rawson, J.; Nemitz, M.P,; Lee, W.; Suo, Z.; Walsh, C.J.; Whitesides, G.M. A
soft ring oscillator. Sci. Robot. 2019, 4, 5496. [CrossRef]

7.  Ding, W. Self-Excited Vibration; Springer: Berlin/Heidelberg, Germany, 2010.

8. Zhao,].; Xu, P; Yu, Y,; Li, K. Controllable vibration of liquid crystal elastomer beams under periodic illumination. Int. J. Mech. Sci.

2020, 170, 105366. [CrossRef]


https://doi.org/10.1038/s41467-018-06011-9
https://doi.org/10.1002/anie.201807495
https://www.ncbi.nlm.nih.gov/pubmed/30025194
https://doi.org/10.1038/s41467-019-13077-6
https://doi.org/10.1002/adma.200304552
https://doi.org/10.1002/adom.201800207
https://doi.org/10.1126/scirobotics.aaw5496
https://doi.org/10.1016/j.ijmecsci.2019.105366

Polymers 2023, 15, 3483 14 of 16

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Fang, P; Dai, L.; Hou, Y.; Du, M.; Luyou, W. The Study of Identification Method for Dynamic Behavior of High-Dimensional
Nonlinear System. Shock. Vib. 2019, 2019, 1-9. [CrossRef]

Cross, M.; Greenside, H. Pattern Formation and Dynamics in Nonequilibrium Systems; Cambridge University Press: Cambridge,
UK, 2009. [CrossRef]

Pivnenko, M.; Fedoryako, A.; Kutulya, L.; Seminozhenko, V. Resonance Phenomena in a Ferroelectric Liquid Crystal Near the
Phase Transition SmA-SmC*. Mol. Cryst. Liq. Cryst. 1999, 328, 111-118. [CrossRef]

Li, K.; Zhang, B.; Cheng, Q.; Dai, Y.; Yu, Y. Light-Fueled Synchronization of Two Coupled Liquid Crystal Elastomer Self-Oscillators.
Polymers 2023, 15, 2886. [CrossRef]

Thomson, W.T. Theory of Vibration with Applications, 5th ed.; Prentice-Hall: Hoboken, NJ, USA, 2005.

Xu, P; Wu, H.; Dai, Y.; Li, K. Self-sustained chaotic floating of a liquid crystal elastomer balloon under steady illumination.
Heliyon 2023, 9, e14447. [CrossRef] [PubMed]

Kumar, K; Knie, C.; Bléger, D.; Peletier, M.A.; Friedrich, H.; Hecht, S.; Broer, D.; Debije, M.G.; Schening, A. A chaotic self-oscillating
sunlight-driven polymer actuator. Nat. Communicat. 2016, 7, 11975. [CrossRef] [PubMed]

Grosso, M.; Keunings, R.; Crescitelli, S.; Maffettone, P.L. Prediction of Chaotic Dynamics in Sheared Liquid Crystalline Polymers.
Phys. Rev. Lett. 2001, 86, 3184-3187. [CrossRef] [PubMed]

Kageyama, Y.; Ikegami, T.; Satonaga, S.; Obara, K.; Sato, H.; Takeda, S. Light-driven flipping of azobenzene assemblies-sparse
crystal structures and responsive behavior to polarized light. Chem. Eur. ]. 2020, 26, 10759-10768. [CrossRef] [PubMed]

Liu, Z; Qi, M,; Zhu, Y,; Huang, D.; Zhang, X,; Lin, L.; Yan, X. Mechanical response of the isolated cantilever with a floating
potential in steady electrostatic field. Int. J. Mech. Sci. 2019, 161, 105066. [CrossRef]

Lu, X,; Zhang, H.; Fei, G.; Yu, B.; Tong, X.; Xia, H.; Zhao, Y. Liquid-Crystalline Dynamic Networks Doped with Gold Nanorods
Showing Enhanced Photocontrol of Actuation. Adv. Mater. 2018, 30, e1706597. [CrossRef] [PubMed]

Tang, R.; Liu, Z.; Xu, D.; Liu, J.; Yu, L.; Yu, H. Optical pendulum generator based on photomechanical liquid-crystalline actuators.
ACS Appl. Mater. Interfaces 2015, 7, 8393-8397. [CrossRef]

Zhao, D.; Liu, Y. A prototype for light-electric harvester based on light sensitive liquid crystal elastomer cantilever. Energy 2020,
198, 117351. [CrossRef]

Yang, L.; Chang, L.; Hu, Y.; Huang, M.; Ji, Q.; Lu, P; Liu, J.; Chen, W.; Wu, Y. An Autonomous Soft Actuator with Light-Driven
Self-Sustained Wavelike Oscillation for Phototactic Self-Locomotion and Power Generation. Adv. Funct. Mater. 2020, 30, 1908842.
[CrossRef]

Chun, S.; Pang, C.; Cho, S.B. A Micropillar-Assisted Versatile Strategy for Highly Sensitive and Efficient Triboelectric Energy
Generation under In-Plane Stimuli. Adv. Mater. 2019, 32, €1905539. [CrossRef]

White, T.].; Broer, D.J. Programmable and adaptive mechanics with liquid crystal polymer networks and elastomers. Nat. Mater.
2015, 14, 1087-1098. [CrossRef] [PubMed]

Charroyer, L.; Chiello, O.; Sinou, J.-J. Self-excited vibrations of a non-smooth contact dynamical system with planar friction based
on the shooting method. Int. J. Mech. Sci. 2018, 144, 90-101. [CrossRef]

Zhang, Z.; Duan, N.; Lin, C.; Hua, H. Coupled dynamic analysis of a heavily-loaded propulsion shafting system with continuous
bearing-shaft friction. Int. J. Mech Sci. 2020, 172, 105431. [CrossRef]

Zheng, R.; Ma, L.; Feng, W.; Pan, J.; Wang, Z.; Chen, Z.; Zhang, Y.; Li, C.; Chen, P; Bisoyi, HK.; et al. Autonomous Self-Sustained
Liquid Crystal Actuators Enabling Active Photonic Applications. Adv. Funct. Mater. 2023, 2301142, (online version). [CrossRef]
Ma, L.L.; Liu, C.; Wu, S.; Chen, P; Chen, Q.; Qian, J.; Ge, S.;; Wu, Y.; Hu, W.; Lu, Y. Programmable self-propelling actuators enabled
by a dynamic helical medium. Sci. Adv. 2021, 7, 32. [CrossRef]

Guo, Y,; Liu, N,; Cao, Q.; Cheng, X.; Zhang, P.; Guan, Q.; Zheng, W.; He, G.; Chen, J. Photothermal Diol for NIR-Responsive
Liquid Crystal Elastomers. ACS Appl. Polym. Mater. 2022, 4, 6202-6210. [CrossRef]

Cui, Y,; Yin, Y;; Wang, C; Sim, K.; Li, Y,; Yu, C; Song, J. Transient thermo-mechanical analysis for bimorph soft robot based on
thermally responsive liquid crystal elastomers. Appl. Math. Mech. 2019, 40, 943-952. [CrossRef]

Na, Y.H.; Aburaya, Y.; Orihara, H.; Hiraoka, K. Measurement of electrically induced shear strain in a chiral smectic lig-uid-crystal
elastomer. Phys. Rev. E 2011, 83, 061709. [CrossRef]

Haberl, ].M.; Sanchez-Ferrer, A.; Mihut, A.M.; Dietsch, H.; Hirt, A.M.; Mezzenga, R. Liquid-Crystalline Elastomer-Nanoparticle
Hybrids with Reversible Switch of Magnetic Memory. Adv. Mater. 2013, 25, 1787-1791. [CrossRef]

Noorjahan; Pathak, S.; Jain, K.; Pant, R. Improved magneto-viscoelasticity of cross-linked PVA hydrogels using magnetic
nanoparticles. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 539, 273-279. [CrossRef]

Yoshida, R. Self-Oscillating Gels Driven by the Belousov-Zhabotinsky Reaction as Novel Smart Materials. Adv. Mater. 2010, 22,
3463-3483. [CrossRef] [PubMed]

Hua, M,; Kim, C.; Du, Y,; Wu, D.; Bai, R.; He, X. Swaying gel: Chemo-mechanical self-oscillation based on dynamic buckling.
Matter 2021, 4, 1029-1041. [CrossRef]

Boissonade, J.; Kepper, P.D. Multiple types of spatio-temporal oscillations induced by differential diffusion in the Landolt reaction.
Phys. Chem. Chem. Phys. 2011, 13, 4132-4137. [CrossRef] [PubMed]

Koibuchi, H. Bending of Thin Liquid Crystal Elastomer under Irradiation of Visible Light: Finsler Geometry Modeling. Polymers
2018, 10, 757. [CrossRef]


https://doi.org/10.1155/2019/3497410
https://doi.org/10.1017/cbo9780511627200
https://doi.org/10.1080/10587259908026051
https://doi.org/10.3390/polym15132886
https://doi.org/10.1016/j.heliyon.2023.e14447
https://www.ncbi.nlm.nih.gov/pubmed/36967936
https://doi.org/10.1038/ncomms11975
https://www.ncbi.nlm.nih.gov/pubmed/27375235
https://doi.org/10.1103/PhysRevLett.86.3184
https://www.ncbi.nlm.nih.gov/pubmed/11290138
https://doi.org/10.1002/chem.202000701
https://www.ncbi.nlm.nih.gov/pubmed/32190919
https://doi.org/10.1016/j.ijmecsci.2019.105066
https://doi.org/10.1002/adma.201706597
https://www.ncbi.nlm.nih.gov/pubmed/29430745
https://doi.org/10.1021/acsami.5b01732
https://doi.org/10.1016/j.energy.2020.117351
https://doi.org/10.1002/adfm.201908842
https://doi.org/10.1002/adma.201905539
https://doi.org/10.1038/nmat4433
https://www.ncbi.nlm.nih.gov/pubmed/26490216
https://doi.org/10.1016/j.ijmecsci.2018.05.045
https://doi.org/10.1016/j.ijmecsci.2020.105431
https://doi.org/10.1002/adfm.202301142
https://doi.org/10.1126/sciadv.abh3505
https://doi.org/10.1021/acsapm.2c00969
https://doi.org/10.1007/s10483-019-2495-8
https://doi.org/10.1103/PhysRevE.83.061709
https://doi.org/10.1002/adma.201204406
https://doi.org/10.1016/j.colsurfa.2017.12.011
https://doi.org/10.1002/adma.200904075
https://www.ncbi.nlm.nih.gov/pubmed/20503208
https://doi.org/10.1016/j.matt.2021.01.002
https://doi.org/10.1039/c0cp01653e
https://www.ncbi.nlm.nih.gov/pubmed/21225048
https://doi.org/10.3390/polym10070757

Polymers 2023, 15, 3483 15 of 16

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.
57.

58.

59.
60.

61.

62.

63.

64.

65.
66.

67.

Camacho-Lopez, M.; Finkelmann, H.; Palffy-Muhoray, P.; Shelley, M. Fast liquid-crystal elastomer swims into the dark. Nat.
Mater. 2004, 3, 307-310. [CrossRef]

Wang, Y.; Liu, J.; Yang, S. Multi-functional liquid crystal elastomer composites. Appl. Phys. Rev. 2022, 9, 011301. [CrossRef]
Bubnov, A.; Domenici, V.; Hamplova, V.; Kaspar, M.; Zalar, B. First liquid single crystal elastomer containing lactic acid derivative
as chiral co-monomer: Synthesis and properties. Polymer 2011, 52, 4490-4497. [CrossRef]

Milavec, J.; Domenici, V.; Zupancic, B.; Resetic, A.; Bubnov, A.; Zalar, B. Deuteron nmr resolved mesogen vs. crosslinker
mo-lecular order and reorientational exchange in liquid single crystal elastomers. Phys. Chem. Chem. Phys. 2016, 18, 4071-4077.
[CrossRef] [PubMed]

Resetic, A.; Milavec, J.; Domenici, V.; Zupancic, B.; Bubnov, A.; Zalar, B. Stress-strain and thermomechanical characterization
of nematic to smectic a transition in a strongly-crosslinked bimesogenic liquid crystal elastomer. Polymer 2018, 158, 96-102.
[CrossRef]

Hu, Y,; Ji, Q.; Huang, M.; Chang, L.; Zhang, C.; Wu, G.; Zi, B.; Bao, N.; Chen, W.; Wu, Y. Light-Driven Self-Oscillating Actuators
with Phototactic Locomotion Based on Black Phosphorus Heterostructure. Angew. Chem. Int. Ed. 2021, 60, 20511-20517. [CrossRef]
Wu, J.; Yao, S.; Zhang, H.; Man, W.; Bai, Z.; Zhang, F.; Wang, X.; Fang, D.; Zhang, Y. Liquid crystal elastomer metamaterials with
giant biaxial thermal shrinkage for enhancing skin regeneration. Adv. Mat. 2021, 33, 2170356. [CrossRef]

Shen, Q.; Trabia, S.; Stalbaum, T.; Palmre, V.; Kim, K.; Oh, I.-K. A multiple-shape memory polymer-metal composite actuator
capable of programmable control, creating complex 3D motion of bending, twisting, and oscillation. Sci. Rep. 2016, 6, 24462.
[CrossRef] [PubMed]

Manna, R.K.; Shklyaev, O.E.; Balazs, A.C. Chemical pumps and flflexible sheets spontaneously form self-regulating oscillators in
solution. Proc. Nat. Acad. Sci. USA 2021, 118, €2022987118. [CrossRef] [PubMed]

Li, Z.; Myung, N.V;; Yin, Y. Light-powered soft steam engines for self-adaptive oscillation and biomimetic swimming. Sci. Robot.
2021, 6, eabid523. [CrossRef]

Serak, S.; Tabiryan, N.; Vergara, R.; White, TJ.; Vaia, R.A.; Bunning, T.J. Liquid crystalline polymer cantilever oscillators fueled by
light. Soft Matter 2010, 6, 779-783. [CrossRef]

Ahn, C.; Li, K,; Cai, S. Light or Thermally Powered Autonomous Rolling of an Elastomer Rod. ACS Appl. Mater. Interfaces 2018,
10, 25689-25696. [CrossRef] [PubMed]

Bazir, A.; Baumann, A.; Ziebert, F.; Kuli¢, LM. Dynamics of fifiberboids. Soft Matter 2020, 16, 5210-5223. [CrossRef]

Gelebart, A.H.; Mulder, D.; Varga, M.; Konya, A.; Vantomme, G.; Meijer, E.; Selinger, R. Making waves in a photoactive polymer
film. Nature 2017, 546, 632-636. [CrossRef]

Zhou, L.; Dai, Y.; Fang, ].; Li, K. Light-powered self-oscillation in liquid crystal elastomer auxetic metamaterials with large volume
change. Int. ]. Mech. Sci. 2023, 254, 108423. [CrossRef]

Cheng, Q.; Cheng, W.; Dai, Y.; Li, K. Self-oscillating floating of a spherical liquid crystal elastomer balloon under steady
illumination. Int. . Mech. Sci. 2023, 241, 107985. [CrossRef]

Kuenstler, A.S.; Chen, Y.; Bui, P; Kim, H.; DeSimone, A.; Jin, L.; Hayward, R.C. Blueprinting Photothermal Shape-Morphing of
Liquid Crystal Elastomers. Adv. Mater. 2020, 32, €2000609. [CrossRef]

Ge, D.; Dai, Y.; Li, K. Self-Sustained Euler Buckling of an Optically Responsive Rod with Different Boundary Constraints. Polymers
2023, 15, 316. [CrossRef] [PubMed]

Kim, Y.; Berg, ].v.D.; Crosby, A.J]. Autonomous snapping and jumping polymer gels. Nat. Mater. 2021, 20, 1695-1701. [CrossRef]
He, Q.; Wang, Z.; Wang, Y.; Wang, Z.; Li, C.; Annapooranan, R.; Zeng, J.; Chen, R.; Cai, S. Electrospun liquid crystal elastomer
microfifiber actuator. Sci. Robot. 2021, 6, eabi9704. [CrossRef] [PubMed]

Yu, Y.; Du, C.; Li, K; Cai, S. Controllable and versatile self-motivated motion of a fiber on a hot surface. Extreme Mech. Lett. 2022,
57,101918. [CrossRef]

Ge, D.L.; Dai, Y.T,; Li, K. Light-powered self-spinning of a button spinner. Int. J. Mechan. Sci. 2023, 238, 107824. [CrossRef]

Liu, J.; Zhao, J.; Wu, H.; Dai, Y.; Li, K. Self-Oscillating Curling of a Liquid Crystal Elastomer Beam under Steady Light. Polymers
2023, 15, 344. [CrossRef] [PubMed]

Cheng, Y,; Lu, H.; Lee, X.; Zeng, H.; Priimagi, A. Kirigami-based light-induced shapemorphing and locomotion. Adv. Mater. 2019,
32, 1906233. [CrossRef]

Chakrabarti; Choi, G.P.; Mahadevan, L. Self-excited motions of volatile drops on swellable sheets. Phys. Rev. Lett. 2020,
124, 258002. [CrossRef]

Hauser, A.W,; Sundaram, S.; Hayward, R.C. Photothermocapillary Oscillators. Phys. Rev. Lett. 2018, 121, 158001. [CrossRef]
[PubMed]

Kim, H.; Sundaram, S.; Kang, ].-H.; Tanjeem, N.; Emrick, T.; Hayward, R.C. Coupled oscillation and spinning of photothermal
particles in Marangoni optical traps. Proc. Natl. Acad. Sci. USA 2021, 118, e2024581118. [CrossRef] [PubMed]

Warner, M.; Terentjev, E.M. Liquid Crystal Elastomers; Oxford University Press: Oxford, UK, 2007.

Bai, R.; Bhattacharya, K. Photomechanical coupling in photoactive nematic elastomers. J. Mech. Phys. Solids 2020, 144, 104115.
[CrossRef]

Parrany, M. Nonlinear light-induced vibration behavior of liquid crystal elastomer beam. Int. J. Mech. Sci. 2018, 136, 179-187.
[CrossRef]


https://doi.org/10.1038/nmat1118
https://doi.org/10.1063/5.0075471
https://doi.org/10.1016/j.polymer.2011.07.046
https://doi.org/10.1039/C5CP06207A
https://www.ncbi.nlm.nih.gov/pubmed/26778188
https://doi.org/10.1016/j.polymer.2018.10.049
https://doi.org/10.1002/anie.202108058
https://doi.org/10.1002/adma.202170356
https://doi.org/10.1038/srep24462
https://www.ncbi.nlm.nih.gov/pubmed/27080134
https://doi.org/10.1073/pnas.2022987118
https://www.ncbi.nlm.nih.gov/pubmed/33723069
https://doi.org/10.1126/scirobotics.abi4523
https://doi.org/10.1039/B916831A
https://doi.org/10.1021/acsami.8b07563
https://www.ncbi.nlm.nih.gov/pubmed/29990426
https://doi.org/10.1039/D0SM00540A
https://doi.org/10.1038/nature22987
https://doi.org/10.1016/j.ijmecsci.2023.108423
https://doi.org/10.1016/j.ijmecsci.2022.107985
https://doi.org/10.1002/adma.202000609
https://doi.org/10.3390/polym15020316
https://www.ncbi.nlm.nih.gov/pubmed/36679197
https://doi.org/10.1038/s41563-020-00909-w
https://doi.org/10.1126/scirobotics.abi9704
https://www.ncbi.nlm.nih.gov/pubmed/34433656
https://doi.org/10.1016/j.eml.2022.101918
https://doi.org/10.1016/j.ijmecsci.2022.107824
https://doi.org/10.3390/polym15020344
https://www.ncbi.nlm.nih.gov/pubmed/36679225
https://doi.org/10.1002/adma.201906233
https://doi.org/10.1103/PhysRevLett.124.258002
https://doi.org/10.1103/PhysRevLett.121.158001
https://www.ncbi.nlm.nih.gov/pubmed/30362782
https://doi.org/10.1073/pnas.2024581118
https://www.ncbi.nlm.nih.gov/pubmed/33903243
https://doi.org/10.1016/j.jmps.2020.104115
https://doi.org/10.1016/j.ijmecsci.2017.12.036

Polymers 2023, 15, 3483 16 of 16

68.

69.

70.

71.
72.

73.

74.
75.

Gelebart, A.H.; Vantomme, G.; Meijjer, E.; Broer, D. Mastering the photothermal effect in liquid crystal networks: A general
approach for self-sustained mechanical oscillators. Adv. Mater. 2017, 29, 1606712. [CrossRef]

Ghislaine, V.; Gelebart, A.; Broer, D.; Meijer, E. A four-blade light-driven plastic mill based on hydrazone liquid-crystal net-works.
Tetrahedron 2017, 73, 4963—-4967.

Finkelmann, H.; Nishikawa, E.; Pereira, G.G.; Warner, M. A New Opto-Mechanical Effect in Solids. Phys. Rev. Lett. 2001,
87,015501. [CrossRef]

Dunn, M.L. Photomechanics of mono- and polydomain liquid crystal elastomer films. J. Appl. Phys. 2007, 102, 013506. [CrossRef]
Négele, T.; Hoche, R.; Zinth, W.; Wachtveitl, ]. Femtosecond photoisomerization of cis-azobenzene. Chem. Phys. Lett. 1997, 272,
489-495. [CrossRef]

Jampani, V.S.R.; Volpe, R.H.; de Sousa, K.R.; Machado, ].F; Yakacki, C.M.; Lagerwall, ]. PF. Liquid crystal elastomer shell actuators
with negative order parameter. Sci. Adv. 2019, 5, eaaw2476. [CrossRef]

Lee, V.; Bhattacharya, K. Actuation of cylindrical nematic elastomer balloons. J. Appl. Phys. 2021, 129, 114701. [CrossRef]
Torras, N.; Zinoviev, K.E.; Marshall, J.E.; Terentjev, EIM.; Esteve, J. Bending kinetics of a photo-actuating nematic elastomer
cantilever. Appl. Phys. Lett. 2011, 99, 254102. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/adma.201606712
https://doi.org/10.1103/PhysRevLett.87.015501
https://doi.org/10.1063/1.2745063
https://doi.org/10.1016/S0009-2614(97)00531-9
https://doi.org/10.1126/sciadv.aaw2476
https://doi.org/10.1063/5.0041288
https://doi.org/10.1063/1.3670502

	Introduction 
	Theoretical Model and Formulation 
	Dynamics of Self-Vibration of LCE Strings 
	Dynamic LCE Model 
	Nondimensionalization 

	Two Motion Regimes and Mechanism of Self-Vibration 
	Two Motion Regimes 
	Mechanism of Self-Vibration 

	Parametric Study 
	Effect of the Light Intensity 
	Effect of the Contraction Coefficient of LCE 
	Effect of the Elastic Coefficient of LCE 
	Effect of the Initial Velocity 
	Effect of the Damping Coefficient 
	Effect of the Width of Shade 

	Conclusions 
	References

